Background: Six ethnographic museum resins with documented adhesive, medicinal and narcotic uses have been analysed by gas chromatography-mass spectrometry (GC-MS) as a step towards understanding the role of specific resins in 20 th century Australia and New Guinea. Curated in the Pitt Rivers Museum for over a hundred years, these specimens are examples of resin used for three different purposes, some accompanied by ethnographic accounts from the collectors themselves. Results: The six ethnographic resins have been chemically characterised and identified to species where possible: an adhesive resin from New South Wales is identified as Xanthorrhoea resinosa Pers.; adhesives from New Guinea are tentatively identified as Canarium luzonicum Miq. and beeswax mixed with Canarium spp.; a narcotic resin from New Guinea is identified as Canarium salomonense B.L.Burtt; and the characterisation of spinifex resin from West Australian 'medicine shells' hypothesised to be Triodia irritans R.Br is presented. Conclusions: This study concludes that molecular differentiation between resins from different species is still possible after a hundred years of aging in a museum environment and demonstrates the potential of resin analysis on such aged museum items. These data alongside re-visited ethnographic accounts can confirm, correct, or provide new information to museum records. Furthermore, they can shed new light on the study of the role of these particular resins and mixtures that were used in Indigenous Sahul and contribute towards a framework of analysis and understanding of archaeological resins from this region.
Background
Since European contact, the indigenous populations of Australia and New Guinea (former Sahul) have been intensively studied through ethnography and archaeology. This has provided us with three main sources of insight into both social and environmental interactions practised by these people, namely ethnographic accounts, ethnographic artefacts and archaeological research. Applying scientific techniques to old materials allow us to extend the range of our insights, particularly from objects held in museum collections and accompanied by collection data. These collections often include organic materials that can enhance our understanding of plant exploitation practices, use of natural materials, and development of technologies.
One important organic material for researching these areas is natural plant resin. Resin is known to have been an important material to the inhabitants of Australia and Papua New Guinea for thousands of years, particularly in its role as a hafting adhesive [1] [2] [3] . In Australia, Robertson [4] concluded that hafting methods appeared to vary with the morphology of the tool, and evidence of brownish-black, red-brown and yellow residues suggest the use of resins from at least three different sources.
Ochre and other materials, including dried and powdered polysaccharide gums, are known to be added to resin as fillers to reduce the brittle character of some resins, particularly spinifex and Xanthorrhoea [5, 6] . Dickson [5] concludes, "The use of natural resins as bonding agents for composite tools was a highly sophisticated part of aboriginal technology which probably took a long time to develop empirically." Processing resin for effective use involves skill as excessive heating hardens it permanently to a brittle mass, and the details of processing resins for use varies in different parts of Australia [5] .
However, despite the range of resin resources in Australia and Papua New Guinea, we know very little about the role of resin in indigenous communities. The focus of instrumental resin analysis for archaeological research is often centered on the hafting of composite tools [7, 8] , which although extremely important, has been criticised for being too dominant, leading to the exclusion of the study of other functions of such resins [9] .
This study presents results from a gas chromatography-mass spectrometry (GC-MS) analysis of six early-twentieth-century resin specimens that have been curated in the Pitt Rivers Museum in Oxford for the majority of their post-collection life of one hundred years or so. These objects are ethnographical specimens with documented general resin type and purpose, in some cases with some additional ethnographic information, and are examples of three different uses of resin in Sahul; as adhesives, medicines and narcotics. The range of resins available and potentially used by past inhabitants of Australia and Papua New Guinea is considerable and identification of the species of botanical origin of a resin is the first step towards gaining knowledge about the way resins were exploited. This paper aims (i) to ascertain whether resin specimens of over a hundred years old, and kept in a museum environment, maintain enough chemical markers to allow firm identification of their botanical source; (ii) to re-visit and add new information to museum records through scientific analysis of the museum resins within the context of current ethnographic information; and (iii) to work towards developing a framework for understanding the role of resins in Australia and New Guinea in the more distant past. It is part of a larger study that is aimed at understanding the functionality of resins in these regions, including how people selected resins for different uses, how they manipulated or altered them such as by mixing or heating to better suit that purpose, and what this tells us about their technology and material culture.
The importance of this research lies in its contribution towards understanding natural material use in Australia and New Guinea. It also contributes to largescale archaeological questions about early and subsequent inhabitants and their adaptation to their surroundings, the nature of their human-environment relationship, plant exploitation methods and implementation of cultivation and domestication, and the development of technologies. It may also hold some significance in offering indigenous communities research into 'lost' or less well-known traditions. This research demonstrates the importance of museum collections for archaeological and ethnographic research and the benefits of scientific methods such as GC-MS.
Indigenous resin use in Australia and Papua New Guinea
Plant resin has a large number of desirable characteristics, including water-resistance, anti-microbial and biocide properties, adhesiveness, and thermo-plasticity (i.e. its ability to become malleable when heated). It is used in Australia and Papua New Guinea for hafting heads onto shafts of composite tools, waterproofing baskets and bark buckets, caulking boats, and making and decorating ornamental items. Plant resin also burns well, has a pleasant aroma, and can be mixed with other materials, and thus is also used for illumination, incense, medicinal and narcotic purposes, and as a paint binder [10, 11] . Resin preserves relatively well and is periodically found in an archaeological context. While ethnographers have also recorded plant exudates such as polysaccharide gums, saps and latexes as useful products, resins are more likely to survive archaeologically as they are not water-soluble and are often contained by or adhered to long-lasting materials such as pottery, stone, obsidian or shell.
Resin use may have a lineage back to the earliest inhabitants of Sahul, 40,000 -50,000 years ago [12, 13] and by studying ethnographic objects, clues to aspects of that lineage, such as resin selection, procurement and modification, may become apparent and allow a more focused and informed analysis of archaeological resins. Ethnographic artefacts can also provide an increased range of examples and insights into the use of resin where archaeological insight is limited, and help to improve our methods for analysing and understanding archaeological finds, as has been demonstrated in previous residue studies [14] .
Xanthorrhoea and spinifex, and Canarium are the most commonly referenced resins for use in Australia and New Guinea respectively. Xanthorrhoea is a grasstree from the Xanthorrhoeaceae family that is endemic to Australia [15] . There are around twenty-eight different species, eight of which produce resin in significant quantities. These species are known for their importance as a source of resin for Aboriginal Australian use, including for fixing spearheads to shafts, which were often made from the centre spike of the plant. Xanthorrhoea is thought to be a useful trade item for Aborigines, trading to tribes who did not have access to it [16] . The resinous species within this genus are geographically distinct (Figure 1 ), which makes Xanthorrhoea resin a very useful tool for locating the source of an artefact and identifying likely trade of completed objects. Being able to molecularly identify the resin of different species of Xanthorrhoea is particularly important, as they are botanically very difficult to differentiate.
Spinifex is another ethnographically significant resin in Australia. Spinifex comes from the genus Triodia, which is another type of grass-like or porcupine tree, from the family Poaceae [15] and is also endemic to Australia. Around twenty-eight of its sixty-nine species are resinous, the most common species referenced for resin-use being T. pungens and T. irritans [16, 17] . It is noted by Pitman and Wallis [9] that these two species along with T. basedowii appear to be the only species mentioned in early ethnographic accounts of spinifex use. The species within this genus are again very difficult to distinguish botanically and there is much geographical crossover between species, each having a fairly wide geographical distribution. Spinifex resin is known to have been used as a hafting adhesive for making composite tools such spears and attaching handles to a range of tool and weapons [16] and is thought to have been preferable to Xanthorrhoea for hafting, due to its ability to be reheated and re-modelled several times without going brittle as Xanthorrhoea does [18] . The preparation of spinifex for hafting use is similar to that of Xanthorrhoea, and is fairly complex. Detailed descriptions are discussed elsewhere [5, 16, 19] .
Canarium is a large genus in the Burseraceae family, consisting of around seventy-seven species, stretching from the African tropics across to Indo-Malaysia [15] . It is of particular interest in Papua New Guinea, a native home of Canarium luzonicum, which produces the commercially important Manila Elemi, used around the world for varnishes, ointments and aromatherapy. Canarium resin is used locally in Papua New Guinea for different purposes including caulking boats, making torches, and making tonics. Canarium indicum is referred to as the canarium nut tree because of its nut-like fruits [15] and in the Solomon Islands C. indicum is known as the Canarum almond for the same reason, as is C. salomonense and C. harveyi. McClatchey et al. [20] also notes a spiritual importance of C. salomonense in the northwest Solomon Islands, over other species including C. indicum, which is also commonly used in the Solomon Islands and Papua New Guinea. They found that C. salomonense held more importance than C. indicum not because it was more important as a food resource (C. indicum nuts were eaten more often) but because C. salomonense trees were considered 'sacred'. "Generally, C. salomonense is viewed as a critical resource but C. indicum can serve as a substitute in some but not all situations" [20] and McClatchey et al. noted that there was much more discrimination between use and importance of the species' for healing, religious/ceremonial/ritualistic occasions, warfare, food storage/harvest/preparation and property ownership in favour of C. salomonense.
Sample description and ethnographic context
Six resin specimens from the archives of the Pitt Rivers Museum were included in this study ( Table 1 ). The first specimen from the collection, PRM23, is a lump of raw resin from New South Wales collected in 1914 and labelled Xanthorrhoea. The second and third museum items PRM25 and PRM26 are two similar "medicine shells" each consisting of a cowrie shell filled with resin labelled as spinifex, collected in 1924 in Western Australia. A description of how these items were used is provided by Clement and Schmeltz [21] : "When a member of the tribe falls ill, the boonangharries…are set in motion, and the taketa, dressed up in feather Ornaments…and painted with white and red stripes, walks and struts round the sick person in huge circles, which get smaller and smaller until he is close to the prostrate patient, when he suddenly pounces upon him, rubbing vigorously the affected part with his hands, or a cowry-shell, Cypraea Scottii,…" The two shells in the museum collection, however, have been recorded as 'Cypraia incipiens' and 'Cypraia serpentis, ' which are not currently accepted species, but may be mistaken for the 'deceptive cowrie' Cypraea decipiens Smith (accepted name Zoila decipiens Smith) and 'serpent's head cowrie' Cypraea caputserpentis (accepted name Erosaria caputserpentis Linnaeus). Cypraea scottii known as 'friend's cowrie' now has the accepted name of Zoila friendii friendii Gray, which does also occur in Western Australia.
There is reference to spinifex under four different local names by Clement and Schmeltz [21] : Culladie, scented gum used for making beads; Cuyallie gum, described as, "gum; obtained from burned grass (Spinifex = Triodia irritans)"; Burga, the same as Cuyallie but cleaned; and Bulga, described as "gum obtained by burning green Spinifex", the latter used for both decorative beads and for fastening spear-heads to shafts for fighting purposes. This suggests there are at least two distinct types of resin in use, Triodia irritans as mentioned, and perhaps a second species, most likely Triodia pungens, which is commonly known as 'green spinifex' and grows in Western Australia. There is no specific reference to resin in the medicine shells by Clement and Schmeltz [21] and 'gum' used for other medicinal items are simply "spinifex-gum". The hypothesis for these items was that the resin in the medicine shells is most likely T. pungens or T.irritans.
PRM27 and PRM28 are samples from two boxes containing four balls of resinous material. They both come from the same source along Collingwood Bay (the village is called Wanigela, not Wanigera as is on the museum label) in New Guinea (Table 1) , however one of these boxes was labelled as wax and the other as resin. There are several instances where beeswax and resin have been mixed together for various purposes [7, 22, 23] . It is possible that 'Kemeri' in the description for PRM27 could be a version or mis-spelling of kenari, the local name for Canarium indicum. Canarium indicum is endemic to and a big resin producer in Papua New Guinea and its near-by islands. No reference to 'fiufiu' , the local name used for PRM28, has yet been found. PRM27 and PRM28 are both examples of material intended probably for stock and later use as adhesives by the Ubir people of Collingwood Bay in the Oro Province of Papua New Guinea.
PRM29 is labelled as Canarium almond gum 'tagon' , and was collected in 1930 from Bougainville in the Northern Solomon province of New Guinea. According to Blackwood [24] , "They [the people of Buka and Bougainville] like to mix with their tobacco a resinous gum (tagon) collected from the trunk of the canarium almond." Blackwood [25] noted that only one variety of tobacco (Nicotiana tabacum L.) was cultivated in the upper Watut. This variety was common throughout New Guinea. Tobacco was introduced to New Guinea in the 1500's and was grown and used by the Papuan aborigines before Europeans settled there permanently [26] . Later, European trade brought sticks of tobacco, which were often preferred by the Kukukuku and used as a form of currency [25] . Blackwood [24] noted that, "When they have no tobacco they will pick up a piece of smouldering wood from a fire, crush it into their pipes, and smoke it with apparent content." This suggests that the resin is the important component of the smoking mixture, rather than the tobacco. The museum notes for PRM29 labels it as a narcotic.
Scientific analysis of resins
Gas chromatography-mass spectrometry was selected for this study because of its high sensitivity and accuracy, providing a comprehensive analysis of complex organic materials. It also requires very small sample sizes, which is particularly important for museum and archaeological sampling. GC-MS is the main tool used for chemically characterising archaeological resins in art and archaeology with the subsequent comparison of the molecular compositions with fresh modern resins for genus or species identification [27] [28] [29] [30] .
Results and discussion

Sample PRM23
The chromatogram for PRM23 is fairly complex, however, amongst several significant components of the ethnographic Xanthorrhoea sample (Table 2) , the biomarker cinnamyl cinnamate was detected. The chromatogram for PRM23 was compared to those from reference samples of the eight Xanthorrhoea species shown in Figure 1 . Cinnamyl cinnamate was detected in the modern reference samples of Xanthorrhoea arborea and X. resinosa, but not in X. australis, X. johnsonii, X. media, X. preissii, X. quadrangulata or X. semiplana tateana. Many of the other significant components were detected in each of the reference species, in different combinations, however the whole suite of significant components in PRM23 was only present in X. resinosa. The chromatograms for each species are significantly different and demonstrate that species identification of Xanthorrhoea resin is possible by molecular analysis. PRM23 is therefore identified as Xanthorrhoea resinosa Pers. PRM23 is an example of a resin intended for use as an adhesive in Australia. It was labeled as Xanthorrhoea resin, taken directly from the plant. It has been identified in this study as X. resinosa, which makes sense geographically, based on the current botanical distribution of this species (Figure 1 ) and the fact that the specimen was recorded as coming from New South Wales. No anthropogenic alterations were expected as the resin had not been processed for storage, and was collected as a raw specimen in 1914. This specimen of resin, although not processed itself, will be useful for comparison with processed examples to elucidate any alterations that have taken place as a result of human processes by acting as a control sample for natural degradation processes on this particular species. It is highly likely that this resin was collected for use in hafting, however, the specific use is not recorded in the collection data, and Australian Aborigines have used resin adhesives for a number of purposes.
Samples PRM25 and PRM26
No modern species comparisons of the two museum 'spinifex' samples were made due to a lack of reference material for Triodia resins. However, the chromatograms for both museum samples ( Figure 2, Table 2 ) showed the presence of the compound vanillin, which occurs in Triodia but is also a component of cypress pine (Callitris spp.) as well as Xanthorrhoea in much lesser amounts, and cinnamic acid-related components some of which also occur in Xanthorrhoea. Comparisons with modern samples of the latter two genera suggest this resin is unlikely to be entirely from either Callitris or Xanthorrhoea, however, there is a possibility that the contents of the cowrie shells are composites of more than one material. Though no other specific biomarkers have been identified as yet in these 'spinifex' samples, the chromatograms overall are very similar and likely to represent the same species or composite. The mass spectra from PRM25 and PRM26 (Table 2) were compared with those of the components listed by de Silva et al. [33] as being the main components of the spinifex resin of Triodia pungens. There was no significant correlation between the suite of compounds listed by de Silva et al. [33] and those of the museum 'spinifex' samples, suggesting that the medicine shell resin is not Triodia pungens.
PRM25 and PRM26 have not been confirmed as 'spinifex' resin as they did not match the molecular composition described in the literature [33] and have not as yet been compared to modern Triodia spp. samples. With the rejection of the hypothesis that the 'spinifex' in the medicine shells is Triodia pungens, it seems likely that it might be Triodia irritans, based on the documented use of the species by the Gnalluma people of Western Australia [21] . It is unlikely that there would have been any deliberate discrimination between different species of Triodia, as they are thought to have the same properties and thus the resin from the most locally available species would have been used. However, in its use as a medicinal rub, the anti-microbial properties of the resin would likely be of prime importance, although, as pointed out by Pitman and Wallis [6] , texts dedicated to the descriptions of medicinal plants by Maiden [34] , Cribb and Cribb [16] and others, have no mention of spinifex or Triodia as useful for medicinal purposes. The choice of resin may have had a religious/spiritual aspect for the intended medicinal purpose; however, there is no mention of the choice behind resin used in 'medicine shells' in the ethnographic record. This study presents the characterisation of an unusual and rarely documented use of 'spinifex' , now hypothesised to be T. irritans.
Samples PRM27 and PRM28
One sample was taken from each box containing four balls of material (PRM27 and PRM28), and although these two specimens come from the same source and are both used as adhesives, they differ in colour and nature (Table 1) , as well as molecularly (Table 2 ). There is a triterpenoid component in both samples, dominated by the α-and β-amyrins and related components, indicating the presence of a triterpenoid resin and indicative of Canarium spp. Most Canarium spp. have α-and β-amyrin as the dominant constituents and therefore the presence of such within the sample is not diagnostic to species. However, PRM28 has more components ( Table 2) in agreement with, and has therefore been tentatively identified as, Canarium luzonicum Miq., which is mentioned as a utilised species in the North Solomons province of Papua New Guinea [35] . The triterpenoid fraction of PRM27 is minor and cannot be identified to species at this stage. A direct comparison of PRM27 with Canarium bengalense has not yet been made, however the presence of this species is unlikely as it is native to the Philippines and not New Guinea. However, such identification would have implications for studies on trade.
A series of hydrocarbons, predominantly nonacosane and hentriacontane, plus the methyl esters of palmitic, oleic, stearic, tetracosanoic, montanic and melissic acids were also detected in PRM27, signifying a composite substance, and which may indicate a presence of beeswax [22, 32] . No beeswax is evident in PRM28. This difference provides an explanation for the difference in character between the samples, whereby PRM27 is soft and waxy, and PRM28 is glassy and brittle (Table 1) . It also concurs with the description of PRM27 originating from 'wild bees' nests'.
Sample PRM29
The PRM29 chromatogram shows a dominance of α-amyrin, suggesting the resin is from the genus Canarium as was described on the label. The chromatogram was then compared with the modern reference sample of Canarium indicum, showing a similarity but not an exact match between the chromatograms. There was also little agreement between PRM29 and Canarium luzonicum. However, the presence of ursadienol and ursadienone, though in reduced amounts in the museum sample, is not present in C. indicum or C. luzonicum, but is a component of C. salomonense. All of the remaining peaks also correspond with the modern sample of C. salomonense (Table 2) and the PRM29 resin has therefore been identified as Canarium salomonense B.L.Burtt.
PRM29 was labelled as 'Canarium almond' and the results of the analysis indicated the identity of this resin as Table 2 .
C. salomonense, which makes sense, as it is one of three species locally called Canarium almond, although a comparison with C. harveyi would be required to reinforce this identification. This species identification also makes sense geographically as the artefact is from Bougainville in the Northern Solomon province of Papua New Guinea, to which C. salomonense is native and commonly used.
There was no evidence of any tobacco mixed in with the resin, nor anything else such as burnt wood. This suggests that the resin is being stored in this packet ready to be mixed and smoked at a later time. The fact that the tobacco could be substituted for [24] suggests that the resin is as important as, if not more so than the tobacco for the narcotic or otherwise desired effect. The sacred aspect of C. salomonense in parts of the Solomon Islands [20] also needs to be considered with respect to the selection of resin used to produce the 'cool smoke' , although this was not referred to by Blackwood [24] on collection of the artefact.
Conclusions
The first conclusion to be drawn from this study is that the original chemical composition of resins that have been curated in a museum for over a hundred years still remain intact enough to identify the botanical source of the resin to species. It is important that we make use of the collections, research and knowledge that has been stored and looked after for so long, particularly in the light of new analytical techniques. It is also worth noting that re-visiting and updating museum records for public access is equally important, particularly where there are discrepancies as have been noted in this study. In this small sample group, some ethnographic identifications are confirmed, and others are not. It is therefore important to note that species identification in museum records cannot be relied upon.
Six early-twentieth-century museum-curated resins from Australia and New Guinea have been chemically characterised by GC-MS, resulting in the identification of Xanthorrhoea resinosa Pers. as a raw material collected from the Blue Mountains in New South Wales, for use as an adhesive, and Canarium salomonense B.L. Burtt as a personal item stored carefully for later mixing with tobacco and smoking as a narcotic in Bougainville in Papua New Guinea. Two boxes of adhesive materials from Collingwood Bay in New Guinea have been characterised and one is thought to be a mixture of beeswax and Canarium spp., and the other possibly Canarium luzonicum Miq. Two samples of spinifex contained in 'medicine shells' from Western Australia hypothesised to be Triodia irritans R.Br. have been characterised molecularly and presented here ( Figure 2 , Table 2 ).
The integration of this new scientific data with existing ethnographic accounts of these and similar items contributes towards a wider understanding of the use of resins in Sahul. This study highlights the use of resin for less-well documented uses such as medicine and narcotics, as well as the more commonly referenced adhesives. The identification of resin from particular species used for specific purposes can offer insight into past use of natural materials and early adaptation to varying environments, plant exploitation practices and selection of resin-based materials, early knowledge of chemical properties of resins and the development of technologies, and cultural uses of resins for specific purposes. The methods used in this study show potential for similar identifications of resins from archaeological contexts and highlights the potential for developing a framework to allow the identification of archaeological resins more efficiently and effectively. This work demonstrates that resin analysis of museum artefacts is a useful tool for both ethnographic studies and archaeological research.
Methods
Solvent extraction and derivitization
A 1 mg sample of material was removed from the resinous portion of each artefact. Each sample was dissolved in dichloromethane and methanol, derivitized via methylation using trimethyl(silyl)diazomethane in methanol and toluene (0.05:1:4) and transferred to vials in a dichloromethane solution.
Gas chromatography-mass spectrometry analysis
The samples were analysed by gas chromatography-mass spectrometry (GC-MS) using an Agilent 7820A GC system with a HP-5 ms 5% Phenyl Methyl Silox capillary column, 30 m × 250 μm × 0.25 μm, connected to an Agilent 5975 series MSD. Helium was the carrier gas at a constant flow rate of 1.2 mL/min. 1 μL of sample was injected onto the column either splitless (PRM27, PRM28, PRM29) or at a 10:1 split ratio (PRM23, PRM25, PRM26), with the GC inlet maintained at 300°C. The temperature of the oven was programmed at 50°C, held for 2 minutes, then increased to 300°C at 10°C/min, where the temperature remained constant for 10 minutes. The column was directly inserted into the MS ion source, maintained at 230°C, where electron impact (EI) spectra were obtained at 70 eV with full scan from m/z 50 to 800.
Data analysis
The data collected are displayed as chromatograms showing the separation of the different components within the sample over time (heavier and more polar molecules take longer to elute out of the column), by relative abundance (how much of that compound is present in relation to the other components in the sample). Modern fresh resins acquired from the Royal Botanic Garden, Sydney, as well as ethnobotanical resins from the Economic Botany Collection at the Royal Botanic Gardens, Kew have formed the reference collection for this research. The same analytical methods were used for the reference resins as for the museum samples. Identifications were made through comparisons of the full series of components, with those from reference resins botanically identified to species, data from the literature and the NIST05 mass spectral library.
